Magneto-transport through graphene nano-ribbons 
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We investigate magneto-transport through graphene nano-ribbons as a function of gate and bias 
voltage, and temperature. We find that a magnetic field systematically leads to an increase of the 
conductance on a scale of a few tesla. This phenomenon is accompanied by a decrease in the energy 
scales associated to charging effects, and to hopping processes probed by temperature-dependent 
measurements. All the observations can be interpreted consistently in terms of strong- localization 
effects caused by the large disorder present, and exclude that the insulating state observed in nano- 
ribbons can be explained solely in terms of a true gap between valence and conduction band. 

PACS numbers: 85.35.-p, 73.23.-b, 72.80.Vp, 73.20.Fz 



Single-layer graphene is a zero-gap semiconductor, 
whose valence and conduction bands touch at two in- 
equivalent points (the K and K' points) at the edge of 
the first Brillouin zone pQ. Owing to the absence of a 
band-gap, the conductance of graphene remains finite ir- 
respective of the position of the chemical potential. The 
impossibility to turn off the conductivity hinders the fab- 
rication of high-quality field-effect transistors, and poses 
problems for the use of graphene in electronic devices. A 
possible solution is the use of graphene nano-ribbons, in 
which the opening of a gap between valence and conduc- 
tion band has been predicted theoretically [2]. 

According to theory, a gap in nano-ribbons should 
open as a consequence of size quantization and, depend- 
ing on the specific case considered, interaction effects [2]. 
Transport experiments indeed find that the conductance 
through narrow ribbons is very strongly suppressed when 
the Fermi energy is close to the charge neutrality point 
[3l H]. However, it is unclear whether the opening of a 
band-gap is the correct explanation for the experimental 
observations. On the one hand, a gap would lead to a 
conductance suppression similar to what is found exper- 
imentally, with characteristic energy scales (as probed in 
temperature- and bias-dependent measurements) compa- 
rable to the observed ones [3 . On the other hand, the 
theoretical predictions rely on edge structures that are 
ideal on the atomic scale, whereas this is certainly not the 
case in real devices. This is why many theoretical studies 
have analyzed the role of strong localization of electron 
wave-functions -possibly in combination with charging 
effects- as the origin of the conductance suppression ob- 
served in the experiments on nano-ribbons [5]. 

Existing studies of transport through graphene nano- 
ribbons have mainly relied on measurements of conduc- 
tance as a function of carrier density and temperature, 
and have not led to a definite conclusion as to the na- 




FIG. 1: (a) Conductance G as a function of the gate- voltage 
Vb g , showing a transport gap at low charge densities. The 
inset shows a scheme of the device geometry (the substrate is 
highly doped silicon covered by a 285 nm Si02 layer). Panel 
(b) and (c) zoom-in on the Coulomb-blockade peaks present 
in the transport gap at B = and 8 T, respectively. 



ture of the transport gap. Here, we present a systematic 
investigation focusing on the magneto-transport proper- 
ties. We show that, in the transport gap, the appli- 
cation of magnetic field always leads to a conductance 
increase, together with a decrease in the characteristic 
energy scale associated to the conductance suppression. 
We perform an analysis of these measurements that ex- 
cludes the opening of a band-gap as the sole explanation 
for the observed insulating behavior, and accounts for 
all our observations (including the gate- voltage and tem- 
perature dependence) in a consistent way, in terms of 
strong-localization effects caused by the larger disorder 
present in narrow ribbon geometries. 

We have investigated many devices consisting of 
graphene nano-ribbons fabricated using the by-now con- 
ventional exfoliation procedure. The details of the device 
fabrication process and ribbon patterning (based on etch- 
ing in an Ar plasma) are identical to those that we have 
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used for the realization of Aharonov-Bohm rings (see [6]). 
The device geometry is schematically shown in the inset 
of Fig. 1(a). Different dimensions were used, with the 
ribbon width W varying approximately between 50 and 
100 nm, and the ribbon length L between 500 and 1000 
nm. The region where the metal electrodes contact the 
graphene layer is intentionally kept large, to exclude ef- 
fects due to the contact resistance. Conductance mea- 
surements on many different devices yielding consistent 
results were performed in a two-terminal configuration as 
a function of back-gate voltage, temperature, and mag- 
netic field. Unless stated otherwise, here we show data 
obtained from one of these ribbons (with length L = 500 
nm and width W = 50 nm), representative of the overall 
behaviour observed. 

Fig. 1(a) shows the linear conductance G of the ribbon 
as a function of gate voltage. The conductance is strongly 
suppressed in the voltage range [— 2 V, +4V], that we re- 
fer to as the transport gap (the transport gap depends 
weakly on the ribbon length and it is larger for longer 
devices, consistently with the results of Ref. 7\). Fig. 
1(b) zooms- in on this range, showing conductance peaks 
at several gate voltages (with the conductance vanishing 
elsewhere) originating from charging effects. Measure- 
ments as a function of gate {Vbg) and bias (V s d) voltage 
show that the conductance is highly suppressed at low 
V s d (Fig. 2(a)), and exhibit characteristic "diamond- 
like" structures (Fig. 3(a)) typical of Coulomb blockade. 
These results are similar to others already reported [3j|4], 
and clearly indicate that the electrons are confined in 
small regions of the ribbon -which we call islands- whose 
area is sufficiently small to have a significant charging 
energy. Fig. 3(a) shows that the diamonds are irregular 
and partially overlap, indicating that the islands in the 
ribbon vary in size, and that electrons have to propagate 
through several of them while traversing the ribbon. At 
a microscopic level, the question is what is the mecha- 
nism that determines the presence of the islands, i.e. the 
presence of a band-gap or the effect of strong localization. 

The analysis of the influence of magnetic field provide 
additional important information. In Fig. 2 (a) and (b), 
the conductance measured as a function of gate and bias 
voltage at B — T and 8 T can be directly compared. 
The bias and gate voltage ranges where the conductance 
is suppressed are significantly smaller when a high mag- 
netic field is applied. Also the Coulomb peaks and dia- 
monds are affected (compare Fig. 1(b) and (c), and Fig. 
3(a) and (b)): in the presence of a high magnetic field, the 
average number of Coulomb peaks in a given gate volt- 
age range is larger, and the average peak conductance 
is higher. Qualitatively, these observations indicate that 
the average island size increases when a magnetic field 
field is applied, since for larger islands the charging en- 
ergy is smaller. 

The continuous evolution from B = T to 8 T is shown 
in Fig. 4(a). In Fig. 4(b) we show the average (over 




FIG. 2: Panels (a) and (b) show the color plots of log(G) 
as a function of gate {Vbg) and bias (Vsd), respectively at 
B — and 8 T (the measurements are taken at T — 4.2 K; 
Go = e 2 /h). The comparison of the two panels shows how 
in a magnetic field the extent of the high-resistance part is 
suppressed. 

gate voltage varying in the transport gap) of the conduc- 
tance as a function of magnetic field. Since the conduc- 
tance between the Coulomb peaks is negligibly small, this 
quantity measures the average peak conductance and the 
number of peaks present. Fig. 4(b) shows the average 
conductance for the sample that we are discussing, and 
for two other nano-ribbons having width W = 80 nm 
and W = 110 nm. We see that the average conductance 
increases with magnetic field for B < 3 T and that it sat- 
urates for B > 3 T. We conclude that the average number 
of Coulomb peaks and the peak conductance increase for 
B < 3 T, but remains approximately constant for B > 3 
T. Unexpectedly, the average conductance saturates at 
approximately similar values of the magnetic field in the 
different devices, irrespective of the ribbon width. 

In order to analyze the results of the magneto- 
transport experiments, we first go back to the data shown 
in Fig. 1(a), and look at a larger gate voltage range 
(outside the transport gap), to estimate the value of the 
electron mean- free path. From the average slope (i.e., 
neglecting the fluctuations) of the conductance versus 
gate voltage, dG/dVb g , measured at high charge density 
(where the conductance is much larger than in the trans- 
port gap), we determine the field-effect mobility Hfet = 
m^— W~ ~ 1000 cm 2 /Vs. This value is smaller than the 
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typical values usually found for large graphene flakes on 
Si0 2 substrates (/i - 5000-10000 cm 2 /Vs [l j, confirm- 
ing that graphene nanoribbons are more disordered |5]. 
We determine l m using the Einstein relation a — ve 2 D, 
where D is the diffusion constant and v the density of 
states (y(sp) — &'x\eF\/(h 2 v F ), with ep and vp the Fermi 
energy and velocity, respectively). From the conductiv- 
ity, a « G square = GL/W measured at Vb g = — 10 V, 
and determining ep from the charge density induced elec- 
trostatically n(V bg = -10V) = 47rs F /(h 2 v F ) « 1 • 10 12 
cm -2 , we obtain D w 0.006 m 2 /s. The correspond- 
ing electron mean-free path is then obtained from l m = 
2D/vp ~ 10 nm, smaller than the ribbon width (W = 50 
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FIG. 3: Coulomb diamonds measured in the transport gap at 
T =4.2 K, at B = T (a) and B = 8 T (b). The typical 
height AV s d and width AVb g of the diamonds at high field 
are smaller than at zero field. 
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FIG. 4: (a) Color plot of log(C) as a function of Vb g (in the 
transport gap) and of B (measurements done at T = 4.2 K). 
The average peak conductance and the number of Coulomb 
peaks increase with increasing magnetic field (consistent with 
Fig. l(b,c) and Fig. 3). Panel (b) shows the average of 
conductance over gate voltage, as a function of magnetic field. 
Noticeably, this quantity increases with increasing B up to 
approximately 3 T (irrespective of the ribbon width), and 
saturates for higher field values. 



nm). 

The short mean-free path values are indicative of 
strong disorder, and suggest that a scenario based on 
strong-localization may be appropriate (consistently with 
the conclusion reported recently in Ref. [7 , and theoret- 
ical predictions [5]). A signature of strong localization 
is a positive magneto-conductance, originating from an 
increase of the localization length due to time reversal 
symmetry breaking [9j [10]. In the strong localization 
regime, time reversal symmetry is broken when the mag- 
netic flux through an area corresponding to the square of 
the localization length £ 2 is of the order of the flux quan- 
tum h/e. This mechanism can explain our data of Fig. 
4(b), which show that the average conductance at low n 
does indeed increase when the magnetic field is increased 
from T to ~3 T, and provide an estimate of the local- 
ization length of £ w (h/eB) 1 / 2 w 35 — 40 nm. This value 
of £ is somewhat smaller than (but comparable with) the 
width of the three ribbons whose data are plotted in Fig. 
4(b): this is why the magneto-conductance saturates at 
approximately the same magnetic field in the different de- 
vices. Further, we estimate the phase coherence length 
Ifp = (Dr^,) 1 / 2 by using the value of the diffusion constant 
obtained above and the phase coherence time « 5 ps 
reported in Ref. [11 . We obtain « 175 nm, from 
which we conclude that l m < £ < l^, the correct hierar- 
chy of length scales for the strong localization regime [9] . 
Note also that at low charge density, where the number 
of transverse channels occupied is small, and £ ~ Z m , as 
expected from theory [9]. The increase in conductance 
observed at higher charge density can then be attributed 
to an increase in localization length, due to the increase 
in the number of occupied transverse channels. 



It is particularly important to discuss whether the ob- 
served positive magneto-conductance can be understood 
if the formation of islands in the ribbons is due to the 
opening of a band-gap (and not by strong-localization 
effects). In the presence of a high magnetic field, well- 
defined Landau levels are expected to appear in the en- 
ergy spectrum when the magnetic length, Ib = (h/eB) 1 / 2 
becomes sufficiently smaller than the ribbon width (when 
Ib « W, the finite width does not affect the Landau 
levels). Owing to the presence of a zero-energy Lan- 
dau level in graphene [12], a large magnetic field should 
cause the closing of the gap and lead to the appear- 
ance of edge states that would contribute to the con- 
ductance (~ e 2 /h). This mechanism could explain a 
positive magneto-conductance. In the experiments, how- 
ever, we do not observe any signature of the formation 
of edge states -the low-temperature conductance in the 
transport gap remains always much smaller than e 2 /h- 
despite the fact that Ib ~ 10 nm for B = 8 T (ten 
time smaller than the largest ribbon that we discuss 
here). This observation again implies that ribbons are 
highly disordered: even for the widest ribbon disorder is 
strong enough to cause backscattering between counter- 
propagating states at opposite edges, leading to their lo- 
calization. In other words, even if we attempt to explain 
the positive magneto-conductance in terms of a band gap, 
we are forced to conclude that localization effects are nev- 
ertheless dominating [13] . 

We now look at the temperature dependence of the 
conductance measured in the transport gap. For strongly 
localized electrons, transport occurs via either near- 
est neighbor hopping (NNH) or variable range hopping 
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FIG. 5: The average conductance < G > in the transport gap 
as a function of T" 1/2 at B = T and B = 8 T. The dashed 
lines are linear fits to the data. In the inset, the same data is 
plotted as a function of T -1 . 



(VRH) [9], and the latter mechanism dominates at low 
temperature. Fig. 5 shows the measurement of the gate- 
averaged conductance in the transport gap as a func- 
tion of temperature in the range 2 — 60 K, for B = 
T and B — 8 T. In case of NNH, the temperature de- 
pendence of the conductance should be proportional to 
G oc exp — (Tq/T). However, the plot shown in the in- 
set of Fig. 5 indicates that Arrhenius law does not re- 
produce the data well. Rather, the data fits better to 
G oc exp —(Tq/T) 1 / 2 , which is the temperature depen- 
dence expected for VRH (see Fig. 5). The exponent 
77, = 1/2 corresponds to two-dimensional hopping in the 
presence of Coulomb interaction (which is expected given 
the obvious presence of Coulomb-blockade effects), or for 
quasi one-dimensional hopping with or without interac- 
tions. This behavior indicates that electronic transport 
is dominated by variable-range hopping. 

The parameter Tq is related to the energy needed by an 
electron to hop between localized states. From the linear 
fit to the data of Fig. 5 we obtain fcTb « 6 meV at B = 
T and a smaller value, kT$ « 4 meV at B = 8 T when 
time reversal symmetry is broken. This result agrees with 
what we would expect if £ is larger at high magnetic field. 
Indeed, the relevant energy scales of the localized states 
involved in the hopping are the single-particle level spac- 
ing and the charging energy, which are inversely propor- 
tional to the extension of the wave-function of the lo- 
calized states (i.e., they decrease when £ increases). The 
values found for Tq are, as expected for the variable range 
hopping regime, a fraction of the characteristic values of 
single level spacing and charging energy, which, depend- 
ing on the detail of the estimate range from about 10 
meV to a few tens of meV (at B = T, with £ ~ 35 - 40 
nm). 

In summary, magneto-transport experiments provide a 
consistent picture as to the origin of the transport gap 
observed in graphene nano-ribbons: they indicate that 



strong- localization effects -and not a gap between valence 
and conductance band- are the cause of the observed 
insulating state that is observed experimentally. 
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